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• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

 

 
Figure 1.1. The Mu2e Detector.  The cosmic ray veto, surrounding the Detector Solenoid is not 
shown. 

 
Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 Projects both include upgrades to the Recycler Ring that will be used by Mu2e. In 
addition, there is infrastructure required by both Mu2e and g-2 that will be funded as h"p://mu2e.fnal.gov/	  
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Summary	  of	  Talk	  

•  Charged	  Lepton	  Flavor	  Viola3on	  (CLFV)	  
•  Observing	  CLFV.	  
•  The	  physics	  of	  muon	  to	  electron	  conversion	  
•  The	  Mu2e	  experiment	  
•  Backgrounds	  that	  can	  limit	  sensi3vity	  
•  Current	  status	  
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•  Neutral	  lepton	  (neutrino)	  flavor	  viola7on	  is	  
now	  an	  accepted	  fact.	  

•  Numerous	  experiments	  have	  confirmed	  many	  
of	  the	  parameters	  of	  neutrino	  mixing.	  	  

hQp://jacksonville.com/entertainment/
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So,	  if	  observed	  it	  would	  be	  unambiguous	  sign	  of	  New	  Physics	  

No	  Standard	  model	  
background.	  



Searching	  for	  CLFV	  
3	  rare	  muon	  processes	  stand	  out	  
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Mu2e,	  comet,	  SINDRUM	  

µ± ! e±!

µ± ! e±e+e"

µ!N" e!N

MEGA,	  MEG,	  and	  others…	  	  	  

Br(μ+	  →eγ)	  <	  2.4×10−12	  [MEG	  2011]	  
Br(μ+	  →	  e+e−e+)	  <	  1×10−12	  [SINDRUM-‐I,1988]	  

Rμe	  <7×10−13	  [SINDRUM-‐II,	  2006]	  
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•  Signal	  is	  combina3on	  of	  final	  state	  
par3cles.	  

•  Accidental	  coincidences	  limit	  usable	  μ	  rate	  

•  Signal	  is	  a	  monoenerge7c	  electron.	  
•  Can	  take	  more	  muons/s.	  
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SINDRUM	  II:	  µ AuèAu	  e-‐	  
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SINDRUM	  II:	  µ AuèAu	  e-‐	  

Mu2e	  –	  about	  4	  order	  of	  magnitude	  
improvement!	  
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µ-‐>	  e	  conversion	  
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Muon	  are	  stopped	  and	  rapidly	  
(ps)	  cascade	  to	  the	  1s	  state	  
producing	  X-‐Rays.	  

Transi7on	  Energy	  for	  Al	  
3d→	  2p 	  66	  keV 	  	  
2p→	  1s 	  356	  keV 	  	  
3d→	  1s 	  423	  keV 	  	  
4p→	  1s 	  446	  keV 	  	  

1s	  
µ-‐	  
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40	  %	  Muon	  decay	  in	  orbit	  	  
60	  %	  Muon	  capture	  
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Coherent	  recoil	  of	  
nucleus	  

Mono-‐energe7c	  e-‐	  produced	  
Energy	  depends	  on	  the	  Z	  of	  the	  material	  
(for	  Al	  E=104.97	  MeV)	  	  

E
e!
=mµc

2 !BEµ (Z )! RE(A)

Rµe =
µ! + A(Z,N )" e! + A(Z,N )

µ! + A(Z,N )" all muon nuclear !captures



Mu2e	  Sensi7vity	  
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Muon LVF physics reach
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Supersymmetry	  and	  
Heavy	  Neutrinos	  

LCLFV =
mµ

(κ + 1)Λ2
µ̄RσµνeLFµν +

κ

(1 + κ)Λ2
µ̄LγµeL(ūLγµuL + d̄LγµdL)

Loops	   Contact	  terms	  
mu2e	  

Mu2e:	  Project	  X	  

Λ:	  Energy	  scale	  

κ:	  Importance	  of	  
contact	  term	  
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Contribu7ons	  to	  µe	  conversion	  
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Supersymmetry

Heavy Neutrinos

Compositeness

Second Higgs Doublet

Λc ~ 3000 TeV

Leptoquark

Heavy Z’
Anomal. Z Coupling

µ- d

ed -

L

MLQ =
3000 (λμdλed)1/2 TeV/c2

LQ

MZ’ = 3000 TeV/c2

rate ~ 10-15

|UμNUeN|2 ~ 8x10-13 g(Hμe) ~ 10-4g(Hμμ)
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Measuring	  µe	  conversion	  

1.  Generate	  pulsed	  beam	  of	  low	  momentum	  nega7ve	  muons.	  
2.  Stop	  muons	  in	  thin	  foils	  and	  form	  muonic	  atoms.	  	  

Ø μ−	  in	  aluminium:	  τ½=	  864	  ns.	  	  
3.  Wait	  for	  prompt	  background	  to	  decay.	  

Ø Need	  suitable	  beam	  repe77on	  rate.	  
4.  Then	  measure	  the	  electron	  spectrum.	  

Ø The	  signal:	  mono-‐energe7c	  electrons	  at	  105	  MeV	  
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muons that stop and form muonic atoms. As an example, a spectrum of muonic 
aluminum X-rays measured with a germanium detector is shown in Figure 4.9. 

 Figure 4.9. The X-ray spectrum from muonic aluminum [6]. 

A germanium crystal will be used to observe the energy spectrum of the muonic X-
rays from the stopping target.  The detector will be located near the axis of the Detector 
Solenoid, downstream of the endcap steel. The germanium detector will view the 
stopping target through a small diameter vacuum pipe, connected to the downstream end 
of the Detector Solenoid, that provides collimation for the X-rays. A window will 
separate the Detector Solenoid from the collimation pipe. 

4.4.3 Proton Absorber 

When muons are captured on a nucleus the process is accompanied by the emission of 
protons, neutrons and gamma rays.  The produced secondaries are low in energy and 
cannot directly produce backgrounds, but by contributing rate to the detectors they have 
the potential to cause reconstruction errors that can result in backgrounds and reduce 
acceptance. 

 
The largest potential contribution to the tracker rate during the measurement period is 

from protons that originate from muon capture. The protons are very slow moving and 
highly ionizing, so they can be easily identified in the tracking detector using pulse height 
information. The large pulse height associated with protons traversing the tracker will 
shadow hits from low energy electrons. This could lead to reconstruction errors that 
might create background. A thin polyethylene absorber between the stopping target and 
the tracking detector will significantly attenuate the proton rate. The proton absorber is a 
tapered cylindrical shell 0.5 mm thick with a radius slightly smaller than the inner radius 

Measuring	  µe	  conversion	  

Rµe =
µ! + A(Z,N )" e! + A(Z,N )

µ! + A(Z,N )" all muon captures

With	  sensi7vity	  to	  R	  at	  90%	  C.L.	  <	  	  5x10-‐17	  	  
Ø  4	  orders	  of	  magnitude	  beQer	  than	  current	  limits	  
Ø Need	  more	  than	  1017	  	  stopped	  muons!	  
Ø  -‐-‐	  	  3.6x1020	  protons	  on	  target	  (3	  year	  run)	  

Need to reduce any background that could affect our 
sensitivity. 



Needle	  in	  a	  haystack?	  
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Need to reduce any background that could affect our 
sensitivity. 

Mu2e has been designed with this in mind. 

•  Muon	  decay	  in	  orbit	  (DIOs)	  
•  Radia7ve	  muon/pion	  capture	  

•  Long	  transit	  7me	  backgrounds	  (pbars,	  pions)	  	  
•  Cosmic	  ray	  induced	  electrons	  
•  Muon/pion	  decay	  in	  flight	  
•  Beam	  electrons	  that	  can	  scaQer	  into	  the	  target	  	  

! !N" "N * ! !N" e+e_N *
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Delivery	  Ring	  
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Delivery	  Ring	  

Delivery	  Ring	  
	  



Mu2e experiment

Production solenoid (PS)

Production target

Transport solenoid (TS)
Detector solenoid (DS)

Calorimeter

Tracker

Muon stopping target

Not shown:
Cosmic ray veto, Extinction monitor, Stopping target monitor

Large superconductor solenoids:

Andrei Gaponenko 14 CIPANP-2012

The	  mu2e	  Detector	  System	  

Emma	  J	  Barnes,	  Boston	  University	  

Transport:	  S-‐curve	  removes	  line	  of	  
sight	  background	  and	  also	  sign-‐selects.	  

Detector:	  Stopping	  Target,	  Tracking	  
and	  Calorimeter	  
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Produc0on:	  8	  GeV	  protons	  enter	  the	  PS	  and	  encounter	  
a	  tungsten	  target.	  	  	  
Up	  to	  8	  kW	  beam	  power	  (6x1012	  Protons/s)	  
π’s	  are	  then	  produced	  which	  decay	  into	  accepted	  μ’s	  
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2.5T	  

4.6T	  

Graded	  S
olenoid	  F

ield	  

Incident	  protons	  
Mu2e	  detector	  

The	  produc7on	  Solenoid	  (PS)	  
•  8 GeV protons strike a tungsten production target near the center of the Production 

Solenoid.  
•  The PS is a high field magnet with a graded (4.6 T -> 2.5 T) solenoidal field. 
•  The PS will be used to capture pions which can then decay into muons. 
•  A heat and radiation shield, constructed from bronze, will line the inside of the PS to 

limit the heat load and radiation damage to the superconducting cable. 

4	  m	  

1.5	  m	  
π’s	  are	  captured,	  spiral	  
around	  and	  decay.	  
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The	  Transport	  Solenoid	  (TS)	  

•  It consists of a set of superconducting 
solenoids and toroids that form a magnetic 
channel that transmits low energy 
negatively charged muons from the PS.  

1	  m	  long	  straight	  
sec7on	  from	  PS	  

1	  m	  long	  straight	  
sec7on	  into	  DS	  

90°	  turn	  

90°	  turn	  

2nd	  Collimator	  with	  
pbar	  absorber	  

•  High	  energy	  nega7vely	  charged	  par7cles,	  
posi7vely	  charged	  par7cles	  and	  line-‐of-‐
sight	  neutral	  par7cles	  will	  nearly	  all	  be	  
eliminated	  by	  the	  two	  90°	  bends	  combined	  
with	  a	  series	  of	  absorbers	  and	  collimators.	  

•  S-shaped to reduced any line-of-sight 
photons and neutrons. 

Stopping	  Target	  and	  
Mu2e	  Detector	  
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The	  Transport	  Solenoid	  (TS)	  

•  It consists of a set of superconducting 
solenoids and toroids that form a magnetic 
channel that transmits low energy 
negatively charged muons from the PS.  

1	  m	  long	  straight	  
sec7on	  from	  PS	  

1	  m	  long	  straight	  
sec7on	  into	  DS	  

90°	  turn	  

90°	  turn	  

2nd	  Collimator	  with	  
pbar	  absorber	  

•  High	  energy	  nega7vely	  charged	  par7cles,	  
posi7vely	  charged	  par7cles	  and	  line-‐of-‐
sight	  neutral	  par7cles	  will	  nearly	  all	  be	  
eliminated	  by	  the	  two	  90°	  bends	  combined	  
with	  a	  series	  of	  absorbers	  and	  collimators.	  

•  S-shaped to reduced any line-of-sight 
photons and neutrons. 

Stopping	  Target	  and	  
Mu2e	  Detector	  
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Production solenoid (PS)

Production target

Transport solenoid (TS)
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Muon stopping target
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Cosmic ray veto, Extinction monitor, Stopping target monitor

Large superconductor solenoids:
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The	  Detector	  Solenoid	  (DS)	  

The	  Detector	  Solenoid	  will	  provide	  a	  graded	  field	  for	  the	  muon	  stopping	  target	  located	  upstream	  and	  a	  uniform	  field	  
downstream	  for	  the	  detector	  elements	  that	  analyze	  conversion	  electrons.	  

~11	  m	  

~2	  m	  

Graded	  field	  

Signal	  events	  pass	  through	  tracker	  and	  
produce	  hits,	  then	  stop	  in	  calorimeter	  

Calorimeter:	  	  energy,	  posi7on,	  and	  7ming	  
informa7on	  on	  tracks	  that	  have	  been	  
reconstructed	  by	  the	  tracker.	  	  
1936	  LYSO	  crystals	  arranged	  in	  four	  vanes	  	  

Tracker	  

Al	  Stopping	  target	  
Calorimeter	  

The	  Cosmic	  Ray	  Veto	  

Emma	  J	  Barnes,	  Boston	  University	   39	  39	  

17	  thin	  Al	  disks.	  	  Radii	  decreases	  from	  8.3	  
cm	  upstream	  to	  6.53	  cm	  downstream.	  

1	  T	   2	  T	  
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Mu2e Member Institutions: Boston University; Brookhaven National Laboratory; California Institute of Technology; City University of New York; Duke University; Fermi National 
Accelerator Laboratory; Instituto Nazionale di Fisica Nucleare, Lecce, Italy; Instituto Nazionale di Fisica Nucleare, Pisa, Italy; Institute for Nuclear Research, Moscow, Russia; Joint 
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ABSTRACT2
Mu2e will search for coherent, neutrino-less conversion of muons into electrons in the field of a nucleus to a few parts in 10-17, a sensitivity improvement of a factor of 10,000 over existing limits. Muon-Electron 
conversion provides unique windows into new physics inaccessible to other lepton flavor violation searches and probes up to mass scales ~ 10,000 TeV, far beyond the reach of present or planned high energy 
colliders.  The Mu2e collaboration has proposed an experiment to search for muon to electron conversion to be mounted at Fermilab. If no events are seen in the signal window, it will set an upper limit of:2
If the present Fermilab schedule is maintained, Mu2e will start data taking in 2019. 

Charged Lepton Flavor Violation (CLFV) in the Standard Model can occur only through the 
intermediate mixing of massive neutrinos. The rate depends on the neutrino mass splitting and 
couplings and the expected value is B(!!e")!10-52 

If SUSY exists, it can mediate electron conversion via a diagram such as one of those shown in 
figure. For masses and couplings accessible at LHC, SUSY predicts R!e of order 10-15 [1].2
Other processes of physics beyond Standard Model can also mediate conversion. 

In the 2-body final state (monoenergetic 
electron + intact unobserved nucleus) 
almost all of the kinetic energy is carried 
away by the electron. The energy is given 
by the muon mass less a correction for 
the binding energy and the small part of 
the momentum carried by the nucleus. 
For the Al nucleus case, the electron 
energy is 104.96 MeV, the lifetime of the 
bound state is 864 ns. 
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Muon nuclear capture and Decay in Orbit (DIO)2
The muon capture by Al atoms has two dominant final states: 2
 - muon nuclear capture, about 60% of the time, which ends up in nucleons and photons2
 - muon DIO, about 40% of the time2
The irreducible physics background to muon to electron conversion is the high energy tail of 
DIO[2]. 2
An excellent momentum resolution can suppress this background (designed is 150 KeV/c). 
The signal region of reconstructed momentum in which we search for conversion electrons 
goes from 103.5 MeV/c to 104.7 MeV/c . 

Radiative Pion Capture2
Given by the negative pions stopped on the Al 
targets:2
# - N ! " N Z-1, " ! e+e-2
About 2 x 10-4 decay electrons are in the 
momentum signal region for 3.6 x 1020  

Prompt beam related background2
It is suppressed by a delayed “live” window 
which starts about 670 ns after the beam 
pulse. 

^)-&2-,:260.),09:62
An 8 GeV proton beam strikes a tungsten production target in the production solenoid (PS) to 
produce pions that decay into muons.2
A system of graded solenoids and collimators collect back-scattered muons and deliver them to 
the stopping target, a set of thin aluminum foils.2
The S-bend in the transport solenoid (TS) ensures that neutrals from the PS do not have a direct 
line of sight to the stopping targets; it also does charge and momentum selection on the muon 
beam.2
DIO and conversion electrons from the stopping targets are transported in a graded magnetic 
field to the spectrometer which consists of a tracker and a calorimeter.2
The graded magnetic field recovers conversion electrons headed upstream of the muon beam, 
and also maximize the acceptance sweeping lower momentum DIO electrons out of the 
acceptance of the detector (see section below). 
Fewer than 10-10 protons are required to arrive between the beam pulses: a conceptual design 
exists for a beam extinction system that can meet the requirements.2
A system to measure the achieved extinction is being designed. 

]4-5J)42-,:25-.049&);)42
Tracker is made by 18 parallel stations (left figure). Each station is formed by placing two planes 
back to back, with one rotated by 30 degrees relative to the other. 
The plane (middle figure) is made by 6 panels placed in two different surfaces (pink and blue 
in the picture). Each of the panels consists of 100 straw tubes, arranged in two layers; each 
straw (right figure) has a diameter of 5 mm. Pink panels are mounted on the front of the 
support structure, blue panels are mounted on the rear. The uninstrumented region at small 
radius allows the overwhelming majority of DIO electrons to pass through without registering 
a hit (see circles in the middle figure). Only about 10-10 of all the DIO are seen, in order to keep 
the background rates at a very low level. 

The calorimeter is composed by 4 vanes (left 
figure). Each of them is a matrix of LYSO 
crystals (right figure), each 3x3x11 cm3, 
arranged in a grid of 11 crystals radially by 44 
crystals longitudinally. Electrons spiral in the 
sense that they will hit the red faces shown in 
figure. An APD based readout is housed on 
the opposite face. 

Expected background events  for 3.6 x 1020 
protons on target will be 0.45±0.082
Most important sources: 
Muon DIO (0.22±0.06) 
Cosmic Rays (0.050±0.025) 
# decay-in-flight (0.0030±0.0015) 
Anti-protons from beam (0.100 ± 0.035)2
Radiative #- capture on foils (0.030 ± 0.007)2
Muons decaying on flight (0.027 ± 0.013)2
Beam electrons (0.0006 ± 0.0003) 

Sensitivity for 3.6 x 1020 protons2
No new physics case:2
   set a limit R!e< 6 x 10-17 @ 90% CL2
New physics case for R!e ! 10-15:2
   O(40) events on a background < 0.3 events 

Future: Need Fermilab’s Project X to increase muon statistics: if we see a signal, 
we will vary Z to study new physics; if not, we will use the statistics to reduce 
the limit as low as R!e<O(10-18) 

The Mu2e Experiment at Fermilab: 
Giovanni Onorato, Fermilab - INFN Lecce – Universita’ G. Marconi 

Mu2e Member Institutions: Boston University; Brookhaven National Laboratory; California Institute of Technology; City University of New York; Duke University; Fermi National 
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Institute for Nuclear Research,  Dubna, Russia; Laboratori Nazionali di Frascati, Italy; Lawrence Berkeley National Laboratory; Lewis University; Los Alamos National Laboratory; Muons 
Inc.; Northern Illinois University; Northwestern University; Rice University; University of California, Berkeley; University of California, Irvine; University of Houston; University of 
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Charged Lepton Flavor Violation (CLFV) in the Standard Model can occur only through the 
intermediate mixing of massive neutrinos. The rate depends on the neutrino mass splitting and 
couplings and the expected value is B(!!e")!10-52 

If SUSY exists, it can mediate electron conversion via a diagram such as one of those shown in 
figure. For masses and couplings accessible at LHC, SUSY predicts R!e of order 10-15 [1].2
Other processes of physics beyond Standard Model can also mediate conversion. 

In the 2-body final state (monoenergetic 
electron + intact unobserved nucleus) 
almost all of the kinetic energy is carried 
away by the electron. The energy is given 
by the muon mass less a correction for 
the binding energy and the small part of 
the momentum carried by the nucleus. 
For the Al nucleus case, the electron 
energy is 104.96 MeV, the lifetime of the 
bound state is 864 ns. 
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Muon nuclear capture and Decay in Orbit (DIO)2
The muon capture by Al atoms has two dominant final states: 2
 - muon nuclear capture, about 60% of the time, which ends up in nucleons and photons2
 - muon DIO, about 40% of the time2
The irreducible physics background to muon to electron conversion is the high energy tail of 
DIO[2]. 2
An excellent momentum resolution can suppress this background (designed is 150 KeV/c). 
The signal region of reconstructed momentum in which we search for conversion electrons 
goes from 103.5 MeV/c to 104.7 MeV/c . 

Radiative Pion Capture2
Given by the negative pions stopped on the Al 
targets:2
# - N ! " N Z-1, " ! e+e-2
About 2 x 10-4 decay electrons are in the 
momentum signal region for 3.6 x 1020  

Prompt beam related background2
It is suppressed by a delayed “live” window 
which starts about 670 ns after the beam 
pulse. 
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An 8 GeV proton beam strikes a tungsten production target in the production solenoid (PS) to 
produce pions that decay into muons.2
A system of graded solenoids and collimators collect back-scattered muons and deliver them to 
the stopping target, a set of thin aluminum foils.2
The S-bend in the transport solenoid (TS) ensures that neutrals from the PS do not have a direct 
line of sight to the stopping targets; it also does charge and momentum selection on the muon 
beam.2
DIO and conversion electrons from the stopping targets are transported in a graded magnetic 
field to the spectrometer which consists of a tracker and a calorimeter.2
The graded magnetic field recovers conversion electrons headed upstream of the muon beam, 
and also maximize the acceptance sweeping lower momentum DIO electrons out of the 
acceptance of the detector (see section below). 
Fewer than 10-10 protons are required to arrive between the beam pulses: a conceptual design 
exists for a beam extinction system that can meet the requirements.2
A system to measure the achieved extinction is being designed. 
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Tracker is made by 18 parallel stations (left figure). Each station is formed by placing two planes 
back to back, with one rotated by 30 degrees relative to the other. 
The plane (middle figure) is made by 6 panels placed in two different surfaces (pink and blue 
in the picture). Each of the panels consists of 100 straw tubes, arranged in two layers; each 
straw (right figure) has a diameter of 5 mm. Pink panels are mounted on the front of the 
support structure, blue panels are mounted on the rear. The uninstrumented region at small 
radius allows the overwhelming majority of DIO electrons to pass through without registering 
a hit (see circles in the middle figure). Only about 10-10 of all the DIO are seen, in order to keep 
the background rates at a very low level. 

The calorimeter is composed by 4 vanes (left 
figure). Each of them is a matrix of LYSO 
crystals (right figure), each 3x3x11 cm3, 
arranged in a grid of 11 crystals radially by 44 
crystals longitudinally. Electrons spiral in the 
sense that they will hit the red faces shown in 
figure. An APD based readout is housed on 
the opposite face. 

Expected background events  for 3.6 x 1020 
protons on target will be 0.45±0.082
Most important sources: 
Muon DIO (0.22±0.06) 
Cosmic Rays (0.050±0.025) 
# decay-in-flight (0.0030±0.0015) 
Anti-protons from beam (0.100 ± 0.035)2
Radiative #- capture on foils (0.030 ± 0.007)2
Muons decaying on flight (0.027 ± 0.013)2
Beam electrons (0.0006 ± 0.0003) 

Sensitivity for 3.6 x 1020 protons2
No new physics case:2
   set a limit R!e< 6 x 10-17 @ 90% CL2
New physics case for R!e ! 10-15:2
   O(40) events on a background < 0.3 events 

Future: Need Fermilab’s Project X to increase muon statistics: if we see a signal, 
we will vary Z to study new physics; if not, we will use the statistics to reduce 
the limit as low as R!e<O(10-18) 

•  DIOs	  contribute	  ~50%	  background	  in	  the	  signal	  energy	  region.	  	  
•  Most	  DIO	  e-‐s	  have	  energies	  below	  52.8	  MeV,	  the	  kinema7c	  limit	  for	  for	  decay	  of	  a	  free	  muon.	  
•  For	  decay	  off	  a	  bound	  muon	  the	  outgoing	  e-‐	  can	  recoil	  off	  the	  nucleus.	  
•  If	  the	  neutrinos	  are	  at	  rest	  the	  e-‐	  can	  have	  exactly	  the	  conversion	  energy	  ECE=104.97	  MeV.	  
•  Small	  rate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  ~3x10-‐13	  e-‐s	  >100	  MeV	  

Decay	  In	  Orbit	  (DIO)	  

Ee(max) =
m2

µ + m2
e

2mµ
≈ 52.8 MeV

Michel spectrum 
from free decay

µ! + A(Z,N )" A(Z,N )+ e! +!e +!µ

! (Ece "Eelectron )
5

Ee	  (MeV)	  tail	  from	  recoil	  
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Figure 3.10. The DIO momentum spectrum with all known significant effects.  The raw spectrum 
has been propagated through the simulation and the reconstructed momentum after all current 
cuts is shown.  The plot is normalized for the experiment, and the momentum window is currently 
103.5 to 104.7 MeV/c as shown in Figure 3.11. 

Figure 3.11 The Monte Carlo generated spectrum of conversion electrons in the Mu2e 
spectrometer after energy loss, straggling and detector resolution.  The dashed lines indicate the 
cuts used for this CDR.   Normalization is arbitrary. 
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ABSTRACT2
Mu2e will search for coherent, neutrino-less conversion of muons into electrons in the field of a nucleus to a few parts in 10-17, a sensitivity improvement of a factor of 10,000 over existing limits. Muon-Electron 
conversion provides unique windows into new physics inaccessible to other lepton flavor violation searches and probes up to mass scales ~ 10,000 TeV, far beyond the reach of present or planned high energy 
colliders.  The Mu2e collaboration has proposed an experiment to search for muon to electron conversion to be mounted at Fermilab. If no events are seen in the signal window, it will set an upper limit of:2
If the present Fermilab schedule is maintained, Mu2e will start data taking in 2019. 

Charged Lepton Flavor Violation (CLFV) in the Standard Model can occur only through the 
intermediate mixing of massive neutrinos. The rate depends on the neutrino mass splitting and 
couplings and the expected value is B(!!e")!10-52 

If SUSY exists, it can mediate electron conversion via a diagram such as one of those shown in 
figure. For masses and couplings accessible at LHC, SUSY predicts R!e of order 10-15 [1].2
Other processes of physics beyond Standard Model can also mediate conversion. 

In the 2-body final state (monoenergetic 
electron + intact unobserved nucleus) 
almost all of the kinetic energy is carried 
away by the electron. The energy is given 
by the muon mass less a correction for 
the binding energy and the small part of 
the momentum carried by the nucleus. 
For the Al nucleus case, the electron 
energy is 104.96 MeV, the lifetime of the 
bound state is 864 ns. 
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Muon nuclear capture and Decay in Orbit (DIO)2
The muon capture by Al atoms has two dominant final states: 2
 - muon nuclear capture, about 60% of the time, which ends up in nucleons and photons2
 - muon DIO, about 40% of the time2
The irreducible physics background to muon to electron conversion is the high energy tail of 
DIO[2]. 2
An excellent momentum resolution can suppress this background (designed is 150 KeV/c). 
The signal region of reconstructed momentum in which we search for conversion electrons 
goes from 103.5 MeV/c to 104.7 MeV/c . 

Radiative Pion Capture2
Given by the negative pions stopped on the Al 
targets:2
# - N ! " N Z-1, " ! e+e-2
About 2 x 10-4 decay electrons are in the 
momentum signal region for 3.6 x 1020  

Prompt beam related background2
It is suppressed by a delayed “live” window 
which starts about 670 ns after the beam 
pulse. 

^)-&2-,:260.),09:62
An 8 GeV proton beam strikes a tungsten production target in the production solenoid (PS) to 
produce pions that decay into muons.2
A system of graded solenoids and collimators collect back-scattered muons and deliver them to 
the stopping target, a set of thin aluminum foils.2
The S-bend in the transport solenoid (TS) ensures that neutrals from the PS do not have a direct 
line of sight to the stopping targets; it also does charge and momentum selection on the muon 
beam.2
DIO and conversion electrons from the stopping targets are transported in a graded magnetic 
field to the spectrometer which consists of a tracker and a calorimeter.2
The graded magnetic field recovers conversion electrons headed upstream of the muon beam, 
and also maximize the acceptance sweeping lower momentum DIO electrons out of the 
acceptance of the detector (see section below). 
Fewer than 10-10 protons are required to arrive between the beam pulses: a conceptual design 
exists for a beam extinction system that can meet the requirements.2
A system to measure the achieved extinction is being designed. 
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Tracker is made by 18 parallel stations (left figure). Each station is formed by placing two planes 
back to back, with one rotated by 30 degrees relative to the other. 
The plane (middle figure) is made by 6 panels placed in two different surfaces (pink and blue 
in the picture). Each of the panels consists of 100 straw tubes, arranged in two layers; each 
straw (right figure) has a diameter of 5 mm. Pink panels are mounted on the front of the 
support structure, blue panels are mounted on the rear. The uninstrumented region at small 
radius allows the overwhelming majority of DIO electrons to pass through without registering 
a hit (see circles in the middle figure). Only about 10-10 of all the DIO are seen, in order to keep 
the background rates at a very low level. 

The calorimeter is composed by 4 vanes (left 
figure). Each of them is a matrix of LYSO 
crystals (right figure), each 3x3x11 cm3, 
arranged in a grid of 11 crystals radially by 44 
crystals longitudinally. Electrons spiral in the 
sense that they will hit the red faces shown in 
figure. An APD based readout is housed on 
the opposite face. 

Expected background events  for 3.6 x 1020 
protons on target will be 0.45±0.082
Most important sources: 
Muon DIO (0.22±0.06) 
Cosmic Rays (0.050±0.025) 
# decay-in-flight (0.0030±0.0015) 
Anti-protons from beam (0.100 ± 0.035)2
Radiative #- capture on foils (0.030 ± 0.007)2
Muons decaying on flight (0.027 ± 0.013)2
Beam electrons (0.0006 ± 0.0003) 

Sensitivity for 3.6 x 1020 protons2
No new physics case:2
   set a limit R!e< 6 x 10-17 @ 90% CL2
New physics case for R!e ! 10-15:2
   O(40) events on a background < 0.3 events 

Future: Need Fermilab’s Project X to increase muon statistics: if we see a signal, 
we will vary Z to study new physics; if not, we will use the statistics to reduce 
the limit as low as R!e<O(10-18) 
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The muon capture by Al atoms has two dominant final states: 2
 - muon nuclear capture, about 60% of the time, which ends up in nucleons and photons2
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An 8 GeV proton beam strikes a tungsten production target in the production solenoid (PS) to 
produce pions that decay into muons.2
A system of graded solenoids and collimators collect back-scattered muons and deliver them to 
the stopping target, a set of thin aluminum foils.2
The S-bend in the transport solenoid (TS) ensures that neutrals from the PS do not have a direct 
line of sight to the stopping targets; it also does charge and momentum selection on the muon 
beam.2
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field to the spectrometer which consists of a tracker and a calorimeter.2
The graded magnetic field recovers conversion electrons headed upstream of the muon beam, 
and also maximize the acceptance sweeping lower momentum DIO electrons out of the 
acceptance of the detector (see section below). 
Fewer than 10-10 protons are required to arrive between the beam pulses: a conceptual design 
exists for a beam extinction system that can meet the requirements.2
A system to measure the achieved extinction is being designed. 
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back to back, with one rotated by 30 degrees relative to the other. 
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in the picture). Each of the panels consists of 100 straw tubes, arranged in two layers; each 
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support structure, blue panels are mounted on the rear. The uninstrumented region at small 
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arranged in a grid of 11 crystals radially by 44 
crystals longitudinally. Electrons spiral in the 
sense that they will hit the red faces shown in 
figure. An APD based readout is housed on 
the opposite face. 

Expected background events  for 3.6 x 1020 
protons on target will be 0.45±0.082
Most important sources: 
Muon DIO (0.22±0.06) 
Cosmic Rays (0.050±0.025) 
# decay-in-flight (0.0030±0.0015) 
Anti-protons from beam (0.100 ± 0.035)2
Radiative #- capture on foils (0.030 ± 0.007)2
Muons decaying on flight (0.027 ± 0.013)2
Beam electrons (0.0006 ± 0.0003) 

Sensitivity for 3.6 x 1020 protons2
No new physics case:2
   set a limit R!e< 6 x 10-17 @ 90% CL2
New physics case for R!e ! 10-15:2
   O(40) events on a background < 0.3 events 

Future: Need Fermilab’s Project X to increase muon statistics: if we see a signal, 
we will vary Z to study new physics; if not, we will use the statistics to reduce 
the limit as low as R!e<O(10-18) 

•  DIOs	  contribute	  ~50%	  background	  in	  the	  signal	  energy	  region.	  	  
•  Most	  DIO	  e-‐s	  have	  energies	  below	  52.8	  MeV,	  the	  kinema7c	  limit	  for	  for	  decay	  of	  a	  free	  muon.	  
•  For	  decay	  off	  a	  bound	  muon	  the	  outgoing	  e-‐	  can	  recoil	  off	  the	  nucleus.	  
•  If	  the	  neutrinos	  are	  at	  rest	  the	  e-‐	  can	  have	  exactly	  the	  conversion	  energy	  ECE=104.97	  MeV.	  
•  Small	  rate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  ~3x10-‐13	  e-‐s	  >100	  MeV	  
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Figure 3.10. The DIO momentum spectrum with all known significant effects.  The raw spectrum 
has been propagated through the simulation and the reconstructed momentum after all current 
cuts is shown.  The plot is normalized for the experiment, and the momentum window is currently 
103.5 to 104.7 MeV/c as shown in Figure 3.11. 

Figure 3.11 The Monte Carlo generated spectrum of conversion electrons in the Mu2e 
spectrometer after energy loss, straggling and detector resolution.  The dashed lines indicate the 
cuts used for this CDR.   Normalization is arbitrary. 
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•  20	  μm	  sense	  wire	  inside	  a	  5	  mm	  diameter	  
tube	  made	  of	  15	  μm	  thick	  metalized	  Mylar®.	  	  

•  ~22,000	  straws	  distributed	  into	  18	  
measurement	  sta7ons	  across	  a	  ~3	  m	  length.	  	  

•  Planes	  are	  constructed	  from	  two	  layers	  of	  
straws	  and	  are	  operated	  in	  a	  vacuum.	  	  

The	  Tracker	  
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thick metalized Mylar®. The tracker will have ~22,000 straws distributed into 18 
measurement stations across a ~3 m length. Planes are constructed from two layers of 
straws, as shown in Figure 4.10, to improve efficiency and help determine on which side 
of the sense wire a track passes (the classic “left-right” ambiguity). A 1 mm gap is 
maintained between straws to allow for manufacturing tolerance and expansion due to 
gas pressure. The straws are designed to withstand changes in differential pressure 
ranging from 0 to 1 atmosphere for operation in vacuum.  The straws are supported at 
their ends by a ring at large radius, outside of the active detector region.  The tracker is 
shown in Figure 4.11. 

 
Figure 4.10. A section of a two-layer tracker straw plane.  The two layers improve efficiency and 
help resolve the left-right ambiguity.  

 
Figure 4.11. The Mu2e straw tube tracker. The straws are oriented transverse to the solenoid axis.   

Each straw will be instrumented on both ends with preamps and TDCs that will be 
used to measure the drift time to determine the distance of approach of charged tracks 
relative to the drift wire. The arrival time of the signal at each end of the straw will be 
measured in order to determine the location of the track intercept along the length of the 
straw. Each straw will also be instrumented with an ADC for dE/dx capability to separate 
electrons from highly ionizing protons. To minimize penetrations into the vacuum, 
digitization will be done at the detector, with readout via optical fibers. A liquid cooling 
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high-‐side	  resolu7on	  of	  σ	  <	  180	  keV	  

•  The	  tracker	  is	  designed	  to	  intercept	  only	  a	  small	  
frac7on	  of	  the	  significant	  flux	  of	  electrons	  from	  muon	  
decays-‐in-‐orbit	  (DIO)	  (energies	  <	  60MeV).	  	  
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high-‐side	  resolu7on	  of	  σ	  <	  180	  keV	  
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•  The	  tracker	  is	  designed	  to	  intercept	  only	  a	  small	  
frac7on	  of	  the	  significant	  flux	  of	  electrons	  from	  muon	  
decays-‐in-‐orbit	  (DIO)	  (energies	  <	  60MeV).	  	  

•  e-‐	  with	  energies	  <	  53	  MeV	  will	  curl	  in	  the	  field	  of	  the	  
DS	  and	  pass	  unobstructed	  through	  the	  hole	  in	  the	  
center	  of	  the	  tracker.	  
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•  The	  tracker	  is	  designed	  to	  intercept	  only	  a	  small	  
frac7on	  of	  the	  significant	  flux	  of	  electrons	  from	  muon	  
decays-‐in-‐orbit	  (DIO)	  (energies	  <	  60MeV).	  	  

•  e-‐	  with	  energies	  >	  53	  MeV	  (~3%	  total	  rate)	  will	  be	  
observed	  in	  the	  tracker.	  	  

•  e-‐	  with	  energies	  <	  53	  MeV	  will	  curl	  in	  the	  field	  of	  the	  
DS	  and	  pass	  unobstructed	  through	  the	  hole	  in	  the	  
center	  of	  the	  tracker.	  



•  20	  μm	  sense	  wire	  inside	  a	  5	  mm	  diameter	  
tube	  made	  of	  15	  μm	  thick	  metalized	  Mylar®.	  	  

•  ~22,000	  straws	  distributed	  into	  18	  
measurement	  sta7ons	  across	  a	  ~3	  m	  length.	  	  

•  Planes	  are	  constructed	  from	  two	  layers	  of	  
straws	  and	  are	  operated	  in	  a	  vacuum.	  	  

The	  Tracker	  
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•  The	  tracker	  is	  designed	  to	  intercept	  only	  a	  small	  
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the momentum cut to increase acceptance rapidly increases the DIO background.  
Optimization of the proton absorber and stopping target are therefore high 
priorities for future work. 
 

The best acceptance we can expect is about 10% (the product of these factors) and we 
are currently finding half that, about 5.25%. We expect most of that factor of two (5.25 to 
10%) to be made up by a more sophisticated algorithm.  Minimizing the material and 
consequent signal width arising from energy loss will require careful study of the design 
and may both increase the acceptance and lower the background by making the signal 
width smaller. Decreasing the signal width improves the sensitivity by significantly 
reducing the rapidly falling DIO background as well as most other backgrounds that fall 
linearly. These studies are underway. 

Figure 3.14. Reconstructed momentum of conversion electrons and DIO, scaled to the 
experimental number of stopped muons, assuming a conversion rate of 1 x10-15. 

3.5.3 Radiative Pion Capture 
Radiative Pion Capture (RPC) can produce background through two processes:  
 
1. !!N " # N* with a subsequent conversion of the photon in the stopping target. 

The maximum photon energy is approximately equal to the pion rest energy at 
about 139.6 MeV, with peak photon energy near 110 MeV [26]. 

2. The internal conversion process !!N " e+e!N*. 
 

 



•  Muon	  life7me	  in	  Al	  is	  long	  (864	  ns)	  the	  loss	  of	  muons	  
is	  acceptable	  if	  the	  7me	  between	  pulses	  is	  not	  much	  
longer	  than	  the	  muon	  life7me	  and	  one	  simply	  waits	  
for	  the	  pions	  to	  decay	  (21	  ns).	  	  

•  Delivery	  ring	  supplies	  a	  single	  circula7ng	  bunch	  where	  protons	  are	  resonantly	  extracted	  to	  
the	  beamline.	  

•  Pulsed	  beam	  to	  Mu2e	  every	  cyclotron	  period	  of	  1695	  ns	  (2x	  muons	  life7me)	  for	  8	  GeV	  
protons.	  	  

/ 10

Backgrounds - 1

6

!"#$%&'()*+,-./
Radiative Pion Capture
Given by the negative pions stopped on the Al 
targets:
! - N ! " N Z-1, " ! e+e-

About 2 x 10-4 decay electrons are in the 
momentum signal region for 3.6 x 1020

Prompt beam related background
It is suppressed by a delayed “live” window 
which starts about 670 ns after the beam pulse.

Pulsed	  beam	  structure	  
Proton	  bunch	   Debuncher	  Cycle	  

ExXncXon	  level	  of	  10-‐10	  	  between	  bunches	  is	  crucial!	  
Extinction = number of protons striking the PT between spills

number striking it during the spills.
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Backgrounds	  and	  sensi7vi7es	  

Background	   Background	  EsXmate	  

Muon	  decay-‐in-‐orbit	   0.22 	  ±	  0.06	  

Cosmic	  Rays	   0.05 	  ±	  0.013	  

Radia7ve	  Pion	  Capture	   0.03 	  ±	  0.007	  

Pion	  decay	  In-‐Flight	   0.003	  ±	  0.0015	  

Muon	  decay	  In-‐Flight	  	   0.01	  ±	  0.003	  	  

An7proton	  Induced	  	   0.10 	  ±	  0.05	  

Beam	  electrons	  	   0.0006	  ±	  0.0003	  	  

Radia7ve	  muon	  capture	   <	  2	  x	  10-‐6 	  	  

Total	  (Add	  in	  quadrature)	   0.41 	  ±	  0.08	  
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GOAL	  <	  2.4×	  10−17	  single	  event	  sensiXvity	  
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3	  years	  of	  1.2	  x1020	  protons/year	  (8	  kW	  beam	  power)	  

Rµe~10−15	  40	  signal	  events	  



Road	  Map	  

•  Aim	  for	  a	  4	  orders	  of	  magnitude	  improvement	  
compared	  to	  SINDRUM	  II	  which	  achieved	  Rμe	  <7×10−13.	  	  

•  CD-‐0	  approval.	  
•  Lehman	  review	  for	  CD-‐1	  last	  week!	  
•  Start	  taking	  data	  in	  2019	  
•  3	  year	  running	  7me	  
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•  Boston	  University	  	  
•  Brookhaven	  Na7onal	  

Laboratory	  	  
•  University	  of	  California,	  

Berkeley	  	  
•  Lawrence	  Berkeley	  Na7onal	  

Laboratory	  
•  University	  of	  California,	  Irvine	  	  
•  California	  Ins7tute	  of	  

Technology	  
•  City	  University	  of	  New	  York	  	  
•  Duke	  University	  

•  Fermi	  Na7onal	  Accelerator	  
Laboratory	  	  

•  Lewis	  University	  
•  University	  of	  Illinois,	  Urbana-‐

Champaign	  	  
•  Los	  Alamos	  Na7onal	  

Laboratory	  	  
•  University	  of	  MassachuseQs,	  

Amherst	  Muons,	  Inc.	  	  
•  Northwestern	  University	  

Northern	  Illinois	  University	  
Rice	  University	  	  

•  University	  of	  Houston	  
University	  of	  Virginia	  
University	  of	  Washington	  

•  Ins7tuto	  Nazionale	  di	  Fisica	  
Nucleare	  Pisa	  Ins7tuto	  

•  Nazionale	  di	  Fisica	  Nucleare,	  
Lecce	  

•  Laboratori	  Nazionali	  di	  
Frasca7	  

•  Ins7tute	  for	  Nuclear	  
Research,	  Moscow	  	  

•  Joint	  Ins7tute	  for	  Nuclear	  
Research,	  Dubna	  
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~130	  collaborators	  
h"p://mu2e.fnal.gov/	  

Thanks	  for	  listening!	  
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Detector

Figure 10.2: The stopped muon lifetime vs
Z.

Figure 10.3: The muon decay-in-orbit end-
point energy vs Z.

• The target material must be chemically stable and form-able into thin, self-
supporting sheets.

• The conversion energy for high Z nuclei is considerably below that for low Z tar-
gets (Fig. 8.8). When using a high Z target (recall that the DIO endpoint energy
is the same as the conversion electron energy) care must be taken that there
are no low-Z materials in the target or near it, otherwise DIO electrons from
the low Z material can have energies as large as or larger than the conversion
electron in the high-Z material and present a severe background.

• The target must be chosen so that the muon radiative capture endpoint energy
is below the conversion energy, otherwise photons from reactions of the form
µ− + (A,Z) → (A,Z − 1) + X + γ can fall into the conversion electron energy
window, presenting a background. (Here X represents pions and other secondary
particles.) The nucleus (A,Z) should be chosen so that the rest energies of the
possible combinations of (A,Z-1)+X are all a couple of MeV above that of
the original nucleus, (A,Z). This is satisfied for most target materials, including
aluminum (2.6 MeV), titanium (600 keV for one 10% abundance isotope, several
MeV for others), and gold (700 keV).

• The muon conversion rate increases with Z, reaching a maximum at Se and
Sb of about 2.5 times that of Al (Fig. 10.4). For high-Z targets there is also
a dependence of the conversion rate on the nature of the interaction (scalar,
vector, dipole).

• The fraction of muon captures inside the measurement window should be max-
imized.

The capture rate is proportional to Z4 for low Z, while the normal decay rate of a
bound muon is about the same as for a free muon. For aluminum, about 60% of mouns
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Mu2e

complementarity between Lepton Flavor Violation 
(LFV) and LHC experiments

Minimal Flavor Violation(CKM)Neutrino-Matrix Like (PMNS)

M1/2 (GeV)

BR(µ→ e)× 1012

measurement 
can distinguish
between PMNS 

and MFV

Current
µe 

conversion
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An7protons	  
•  The	  8	  GeV	  K.E	  proton	  beam	  can	  produce	  an7protons	  in	  sufficient	  numbers	  to	  be	  a	  serious	  

background.	  
•  Spiral	  slowly	  through	  the	  TS	  entering	  the	  DS.	  
•  They	  do	  not	  decay	  (well	  not	  that	  we	  know	  of!)	  
•  Annihilate	  on	  nuclei	  (such	  as	  in	  the	  stopping	  target)	  releasing	  a	  large	  number	  of	  

secondaries	  (energe7c	  π, γ,	  n	  and	  p.)	  
•  ~0.9	  π–	  and	  1.2	  π0s	  produced	  per	  Al	  nucleus.	  

•  ElectrostaXc	  sweeper	  field	  in	  the	  first	  collimator.	  	  
•  ReducXon	  of	  the	  incident	  proton	  beam	  energy.	  
•  InserXon	  of	  absorber	  material	  in	  the	  beam	  line.	  

239.5	  mm	  

0.12	  mm	  (MECO)	  

1.0	  mm	  

0.12	  mm	  

Only	  a	  9	  %	  reducXon	  in	  
muons	  (compared	  to	  no	  
absorber)	  and	  533±124	  
Pbars	  throughout	  enXre	  

mu2e	  run	  

Can	  reduce	  the	  Pbar	  flux	  to	  533±124	  Pbars	  throughout	  enXre	  mu2e	  run	  
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5-2  Mu2e Conceptual Design Report 

Fermi National accelerator Laboratory 

summarizes the Mu2e proton beam requirements. These requirements are also specified 
in the Mu2e proton beam requirements document [3]. 

 

Parameter Design Value Requirement Unit 

Booster synchrotron repetition rate 15 > 10.5 2 Hz 

Booster synchrotron beam intensity 4.0!1012 4.0!1012 Protons/batch 

Time between beam pulses 1685 > 864 nsec 

Out of time extinction factor 10-10 " 10-10  

Pulse full width ±100 " ±130 nsec 

Pulse rms width 40 " 50 nsec 

Duration of spill 54 > 20 msec 

Beam Power on Target 8 ----- kW 

Average proton intensity per pulse 31  < 50 Mp/pulse 

Pulse to Pulse intensity variation 50 < 50 % 

Minimum Target rms spot size3  1 0.5 mm 

Maximum Target rms spot size3  1 2.0 mm 

Target rms beam divergence 0.5 < 20 mrad 
Table 5.1. Summary of the Mu2e Proton Beam Requirements 

5.1.2 Operating Scenario 
The proton beam will require considerable manipulation to produce the longitudinal 

structure required by the Mu2e experiment. These manipulations are performed in the 
Recycler and the Delivery storage rings and in the beamline that connects the Delivery 
ring to the target. Figure 5.1 shows the layout of the Fermilab accelerator systems used to 
accomplish the Mu2e beam manipulations. 

 
Protons designated for Mu2e are acquired from the Booster synchrotron by utilizing 

the unused portions of the Main Injector timeline during slip-stacking operations for 
NO#A (see Figure 5.2). Booster protons are extracted into the MI-8 beamline and 
injected into the Recycler Ring. The beam circulates in the Recycler Ring so that it can 
be bunched with a 2.5 MHz RF system to form the bunch characteristics required by the 
Mu2e experiment (see Section 5.5). The beam is then extracted from the Recycler, one 
bunch at a time, into a new beamline. This new beamline delivers the beam to the 

                                                
2 The number given is the Mu2e requirement (2 batches) plus the NO#A requirement (12 batches) for each 
MI cycle. 
3 Assumes round beam 
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Figure 5.2. The accelerator timeline is shared between Mu2e and NO!A.  The blue and red bars 
represent Mu2e and NO!A proton batch injections respectively. Mu2e Recycler Ring beam 
manipulations occur in the first eight 15 Hz ticks.  NO!A proton batches are slip-stacked during 
the remaining twelve 15 Hz ticks.  The total length of a cycle is 20 ticks = 1.333 sec. 

The preparations required for the existing Antiproton Source beamlines and for the 
Delivery Ring for the Mu2e experiment are largely equivalent to the requirements of the 
Muon g-2 experiment. Thus, the Delivery Ring and proton transport preparations for both 
experiments will be accomplished as an Accelerator Improvement Project (AIP). The 
conceptual design for this AIP is given in Reference [6]. 

 
The Delivery Ring to Mu2e target external beamline is a new facility that transports 

the proton beam to the Mu2e pion production target (Section 5.7). The external beamline 
contains a beam extinction insert that removes out-of-time beam to the required level 
(Section 5.8).  Upon arrival at the Mu2e pion production target, the beam interacts with a 
tungsten target inside the shielded super-conducting production solenoid (Section 5.9).  
The resulting pions decay, producing the muons that will ultimately constitute the muon 
beam for the experiment. A Heat and Radiation Shield (HRS) lines the inside of the 
production solenoid (Figure 5.3) to prevent quenches from the heat radiated from the 
target and to protect the solenoid super-conducting coils from radiation damage. 

5.1.3 Macro Time Structure of the Proton Beam 

The Mu2e experiment must share the Recycler Ring with the NO!A experiment, 
which uses the Recycler for proton slip-stacking. This sharing is accomplished by 
performing the required Mu2e beam manipulations in the Recycler prior to the injection 
of the first proton batch designated for NO!A. There are a total of twenty possible proton 
batch injections into the Recycler Ring from the Booster within each Main Injector cycle.  
These proton injections will occur at a maximum rate of 15 Hz (one batch every 
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existing Antiproton Source beamlines.  The beam is then transported to the Delivery ring 
from which it is resonantly extracted into an external beamline (see Section 5.6).   

 

 
Figure 5.1. The components of the Fermilab accelerator complex used to acquire protons for the 
Mu2e experiment. The proton beam path from Booster to Recycler is shown in yellow.  The beam 
path in the Recycler is in red.  The beam path from Recycler to Delivery4 Ring is in blue, and the 
beam path from Delivery Ring to Mu2e target is in green. 

The Recycler Ring 2.5 MHz bunch formation RF system will be built by the Muon 
g-2 project. The bunch narrowing requirements of the Muon g-2 experiment exceeds 
those of Mu2e (see Reference [4]). Thus, this system is adequate for the needs of the 
Mu2e experiment. 

 
Extraction from the Recycler Ring and the beamline stub connecting the Recycler to 

existing beamlines are also being designed and built for the Muon g-2 experiment.  
Again, the Muon g-2 design requirements for Recycler Ring extraction exceed the 
requirements of the Mu2e experiment (see Reference [5]) so that this system adequately 
satisfies the requirements of the Mu2e experiment. 

                                                
4 The Antiproton Source Debuncher Ring has been renamed the Delivery Ring. 


